Abstract: Gasoline Direct Injection (GDI) spark ignition engines equipped with the Common Rail (CR) system strongly improve engine performance in terms of fuel consumption and pollutant emission reduction. As a drawback the fuel pressure in the rail has to be kept as constant as possible to the demanded pressure working set-points in order to achieve the advantages promised by this technology. In this work a Model Reference Adaptive Control (MRAC) algorithm based on the Minimal Control Synthesis (MCS) strategy is proposed to reduce the residual pressure in the rail. Numerical results based on a CR mean value model, previously proposed in the literature and experimentally validated, show that a very satisfactory attenuation of the pressure ripple as well as pressure tracking are attained in different working conditions. A quantitative comparison with a classical gain scheduling model-based control approach confirms furthermore the effectiveness of the proposed adaptive control strategy.
INTRODUCTION
The main objective of a CR system is to feed the electroinjectors with high fuel pressure independently of the quantity of fuel to be injected. In fact, high pressure injections allow a finely atomization of the fuel spray and promote a better air/fuel mixing, resulting in significant combustion improvements HaiFeng et al. (2008) ; Tomishima et al. (2008) .
Recently the CR injection technology, originally introduced for diesel engines, has been extended to gasoline engines Corno et al. (2008) ; Tomforde et al. (2008) in order to reduce pollutant emissions, as required by the more and more restrictive emission legislations, and improve engine performance perceived by customers. More in details, for spark ignition engines, the CR system is useful to reduce the exhaust emissions and fuel consumption and to improve the driving dynamics Achleitner et al. (2007) .
The precise regulation of the pressure into the rail is the crucial control task to be solved to take full advantage of this powerful technology. (For instance, by reducing the pressure ripple in the manifold, cycle-by-cycle fuel injection variability is improved and a better control of the amount of the fuel to inject is attained for the benefit of pollutant reduction.)
Basically, the pressure ripple (also known in the technical literature as residual pressure) is caused by pressure waves due to intermittent openings and closings of the injectors, which make a constant injection pressure a pure theoretical assumption. Moreover, the periodic motion of the High-Pressure (HP) mechanical pump included into the CR device and driven by the engine camshaft induces additional periodic pressure oscillations.
Even though different control strategies have been developed to stabilize the injector pressure in common rail system (see for example the control strategy based on the quantitative-feedback theory (QFT) used in Chatlatanagulchai et al. (2009) and the hybrid control approach presented in Balluchi et al. (2006) , just to name a few) the problem of reducing effectively the residual pressure in the rail is still open.
In order to deal with all the periodic disturbances that characterize the CR plant, it seems reasonable to implement a robust adaptive control strategy where the control gains are properly varied, or better adapted, according to the actual system behavior. Surprisingly, this approach has only been marginally investigated in the existing literature on the control of CR in automotive systems.
The aim of this paper is to confirm numerically the disturbance rejection capability of a MRAC strategy, named NEMCSI (New Extended Minimal Control Synthesis with Integral action) algorithm, recently proposed in the literature di Bernardo et al. (2010) . This control strategy is based on the standard MCS algorithm Stoten and Benchoubane (1990) augmented with an integral and robust action in order to increase tracking performance. As the standard MCS algorithm, also the NEMCSI strategy relies on minimal knowledge of the plant and it can be proven to guarantee asymptotic stability of the error system and to be robust against rapidly varying disturbances and unmodelled nonlinear perturbations when the plant is in control canonical form Stoten and Benchoubane (1990); di Bernardo et al. (2010) .
In this paper we select as CR model the control oriented model proposed in di Gaeta et al. (2009) for GDI engines Zhao et al. (2002) . Although this model is simpler with respect to more complex modeling approaches (see for example Balluchi et al. (2006) , Digesu et al. (1994) and Morselli et al. (2002) ), it has been experimentally validated showing a good prediction of the mean-value rail pressure and a qualitative behavior of the residual pressure. Notice that, CR for GDI engines require more sophisticated control strategies compared to traditional port fuel injection engines since the injection fuel pressure can vary up to 100 (bar) according to the engine control strategies mapped into the Electronic Central Unit (ECU).
Numerical results for different working conditions show the effectiveness of the proposed adaptive strategy to tame the complex dynamics of the CR model, providing both excellent pressure tracking performance and residual ripple attenuation. A comparison with the gain scheduling model-based control approach proposed in di Gaeta et al. (2011a) in terms of disturbance reduction confirms the efficacy of the adaptive method with respect to classical controllers.
The paper is outlined as follows: in Sec. 2 a description of the CR plant is briefly presented for the sake of completeness, in Sec. 3 the NEMCSI control strategy is described, whereas details on the design of the adaptive action on the CR system are given in Sec. 4. Numerical results on different cases of interest have been then shown in Sec. 5 before the conclusions in Sec. 6. In the appendix A the CR model used for the numerical analysis is reported to show its nonlinearities and the parameters dependency on the engine speed that make the control objective a not trivial task.
COMMON RAIL SYSTEM
The CR plant for spark ignition engine, shown in Fig.  1 , is composed mainly by two separated sections: a lowpressure circuit, consisting of a fuel tank, a fuel feed pump with a preliminary filter, low-pressure pipes and a fuel filter; an high-pressure circuit formed by an high-pressure pump, an high-pressure line with a pressure sensor, a pressure regulator valve, a flow stopper and an injector. The low-pressure electro-pump (2) (p = 3 − 5 bar) forces the fuel from the tank (1) toward the high-pressure (HP) mechanical pump (4) (p = 100 − 120 bar), crossing the filter (3) aimed at cleaning the fuel. The mechanical pump compresses the fuel and sends it into the common manifold (5) (named common rail) equipped with the electroinjectors (6). The manifold is designed in order to filter the oscillations in the fuel due to the high-pressure pump and the intermittent working of the injectors. Finally, the pressure in the manifold is regulated through the sensor (7) and the electro-valve (8) that flows the excess of fuel back into the tank Hongrong et al. (2008) .
The HP pump, shown in Fig. 2 , is formed by three small pistons arranged in radial position (radial-jet) at an angular distance of 120
• . The pump is driven by the engine through the camshaft and it does not require the phasing since the instant and time of injection are devoted to the ECU, which manages the opening of the injectors. The alternating movement of the three small pistons is assured by a triangular cam (three-lobe) connected to the pump's shaft and each pumping group is characterized by an intake and exhaust valve. The combined action of the three pumping groups allows to reach a pressure up to 100 − 120 bar.
The electro-valve ((8) in Fig. 1 ) used for the regulation of the pressure in the rail is driven by electronic circuit controlled with the PWM strategy.
The main objective of a CR system is to supply the electro-injectors with a high pressure fuel independently of the amount of fuel to be injected. The main benefit is, therefore, to decouple the regulation of the high-pressure pump by the functioning of the injectors, differently from traditional injection systems where the mechanical pump generates a pressure that depends on the amount of injected fuel.
THE NEMCSI ADAPTIVE ALGORITHM
The NEMCSI algorithm was introduced in di Bernardo et al. (2010) as an extension of the MCS model reference adaptive scheme Stoten and Benchoubane (1990) . As the MCS algorithm, it relies on minimal knowledge of the plant dynamics. Namely, it is assumed that the plant is controllable and it has unknown parameters but a known phase canonical structure, as:
where
with f (t, x) being a time and state dependent nonlinear function which models the disturbance acting on the linear part of the plant model and unmodelled nonlinear dynamics. Notice that for the design of the NEMCSI strategy only the signum of b in (3) has to be known.
The main aim of NEMCSI control is for the plant states, x(t), to track asymptotically the states, x m (t), of a given asymptotically stable reference model of the forṁ
with x m (t) ∈ R n , r(t) ∈ R being some desired reference signal and A m (Hurwitz matrix) and B m given in the same canonical form as that of the plant.
The control action provided by the NEMCSI algorithm is given as follows:
where u M CS (t) is the classical MCS input which consists of a feedforward and a feedback action with time-varying adaptive gains defined as
with
and α and β being scalar adaptation weights. The output error y e is computed as
and P is the solution of the Lyapunov equation
The two additional control terms in (6) are given as follows:
being C the output matrix of the plant and y e the output error as in (9). Notice that the signum of the adaptation weights α and β in (8a), (8c), (15) and γ in (16) has to be the same of the term b in (3). Furthermore, typically all the adaptive gains are initialized to zero, i.e.
In di Bernardo et al. (2010) it has been proven via a passivity based analysis that, as the classical MCS algorithm, the control action (6) guarantees asymptotic stability of the error dynamics (i.e. x e → 0 when t → ∞) in absence of the d(t, x)-term in (1), and robustness to unmodelled plant dynamics and disturbance of the form (4) as well as robustness to plant parameter variations. Moreover the two additional terms, i.e. u N (t) and u I (t) in (6) have shown to increase tracking and disturbance rejection performance.
We note that, when the reference model in (5) is chosen as the a nominal linear model of the plant controlled via a classical LQ (Linear Quadratic) strategy Anderson and Moore (1971) , the control action (6) is termed as LQ-NEMCSI (see di Bernardo et al. (2010) for further details).
NEMCSI CONTROL OF THE COMMON RAIL
The first step for the design of the NEMCSI adaptive controller is to verify if the plant dynamics match or not the structure (1). In this work we have chosen from the literature the CR model proposed in di Gaeta et al. (2009) that describes the pressure, p(t) (bar), in the CR as a function of the pump speed and electro-valve current, i (A), and it can be decomposed into two terms, namely, the mean pressure term,p(t) (bar) and the residual pressure, η(t) (bar), describing the ripple around the mean value. The CR dynamical system is then given by
where: δ (%) is the duty-cycle expressed in percentage terms of the PWM signal used to actuate the electro-valve ( (8) After simple algebraic manipulations the dynamical pressure model iṡ
where u = δ is the control input and Ψ is the nonlinear function given in Appendix A.
It is apparent by (18) that the CR model satisfies the matching condition required by the NEMCSI algorithm hence this adaptive control strategy is applicable.
As reference model, here we select for the NEMCSI implementation a first order LTI model with a rise time of about 100 (ms) in order to satisfy the requirements on the CR response given in di Gaeta et al. (2011a) . In implementing the control action (6), the following issues have been considered: (i) as it usually happens when implementing the MCS strategy Stoten and Benchoubane (1990) , the adaptive weights α, β and γ, which modulate the adaptive gains in (8a), (8c), (15) and (16), have been chosen heuristically as a tradeoff between convergence time and reactivity of the control action; (ii) locking of the adaptive gains was implemented, in particular, the adaptive gain K N is frozen when it exceeds 10 (%) of duty-cycle; (iii) the presence of the switching function in (13) introduces chattering (high frequency switching of the control signal), and in order to avoid this unwanted phenomena, the discontinuous control action has been smoothed as in di Bernardo et al. (2010) .
Finally, all the integrators of the NEMCSI control action (6) have been discretized according to the Tustin method with a sampling time of 1 (ms) that is implementable in commercial ECUs.
We remark that no a priori knowledge in terms of plant parameters or plant nonlinearities has used to design the controller.
NUMERICAL RESULTS
The NEMCSI adaptive algorithm designed in Sec. 4 has been widely tested on the CR model (A.1) (or equivalently (A.4a)-(A.4b)) in order to prove its effectiveness in controlling the CR dynamics in terms of regulation, tracking and disturbance attenuation. In particular, assuming that a periodic solution of periodT is achieved after the time instant t ⋆ when the input reference to the closed loop system is a constant pressure P r under the periodic disturbance excitation η(t) (see equation (A.3) in Appendix A), we measure quantitatively the degree of the attenuation of the disturbance η according to the attenuation factor defined as follows:
is the maximum variation of the pressure in closed loop around the pressure working point P r and computed over a generic time interval Φ [t 1 ; t 2 ] so that t 1 > t ⋆ and t 2 − t 1 >T . Analogously, ∆ η = [max Φ (η) − min Φ (η)] is maximum variation of the pressure disturbance due to the HP pump and fuel injections computed on the same time interval. Obviously, higher A f values are obtained for effective disturbance rejections, instead negative values of A f denote that the residual/ripple pressure is amplified in In what follows some remarkable results are briefly described.
• As first case we consider a long manoeuvre composed by a sequence of pressure steps. In this case the engine speed is fixed at N e = 1000 (rpm) while the injection time for each fixed reference pressure is listed in Tab For each pressure working set-point the attenuation factor A f has been computed. Our analysis has shown that for each constant set point P r a satisfactory attenuation factor is attained, i.e. A f ∈ [80.92; 92.46] for the entire manoeuvre. To confirm the disturbance rejection performance, in Fig. 5 detailed time histories of the residual closed loop pressure, the control action and the rejected disturbance η are shown in the case P r = 15 (bar) (minimum reference pressure over the manoeuvre) and P r = 100 (bar) (maximum reference pressure over the manoeuvre).
• To prove the effectiveness of the NEMCSCI algorithm in attenuating the pressure disturbance in different working conditions of reference pressure and engine speed, the attenuation factor (19) has been computed for each pair (P r , N e ) ∈ P × N e with P {25 + 10k, k = 0 . . . 6} and N e {1000 + 500j, j = 0 . . . 10}. For each working point the injection time is that to guarantee the stoichiometric regime of the 2-liters GDI engine, presented in di Gaeta et al. ( , 2011b , at full load conditions (Wide Open Throttle, WOT). Fig. 6 and Fig. 7 show the injection time and the attenuation factor for each pair belonging to P × N e respectively. As it was expected, Fig. 7 shows that the attenuation factor is a decreasing function of the CR pressure and engine speed. Nevertheless, the performance index (19) never goes down to 55% and it remains greater than 70% independently of the pressure as far as the engine speed is below 2500 (rpm).
We remark that much better attenuation factors can be achieved if the control action (6) is not discretized, or discretized with a smaller sampling time. In fact, as pointed out in Bursi et al. (2010) , discretization implies the need of some bounds on the magnitude of the adaptive weights (α and β) to avoid unwanted closed loop dynamics then, as consequence, the control performance deteriorates. Nevertheless, the results here obtained with a sampling time implementable in the experimental setup used in di Gaeta et al. (2011a) are very satisfactory if we consider that not any a priori knowledge of plant dynamics have been used for the control design. Results related to the continuous implementation of the control strategy are not reported here for the sake of brevity.
Details on the time history of the residual closed loop pressure are given for the sake of completeness together with the control action and the rejected disturbance η in Fig. 8 in the case (P r , N e ) = (35 (bar), 2000(rpm)) (low engine speed and reference pressure) and (P r , N e ) = (65 (bar), 6000 (rpm)) (high engine speed and reference pressure). In the latter case the control action in Fig.  8d appears less smooth than the previous cases since the sampling frequency (1 (kHz)) is comparable with the highest disturbance frequency (200 (Hz)) due to injectors (see Appendix A) at this engine speed. Nevertheless the adaptive strategy still works effectively.
In order to stress the efficiency of the NEMCSI control action, the controller proposed in di Gaeta et al. (2011a) has been tested on the same working points. action is basically a model-based feed-forward compensator coupled with an integral controller whose gains are scheduled on the basis of the engine speed. In particular for each engine speed, model (A.1) has been used to provide in closed loop a certain nominal behavior independently on the working engine speed. Fig. 9 shows that poor disturbance rejection performance are obtained when this classical approach is used. In particular we note that for engine speeds greater than 1500 (rpm) the attenuation factor takes negative values independently of the reference pressure. Hence, for a wide range of working conditions the control action even amplified the disturbance acting on the plant. • As last case we test here the pressure tracking performance of the proposed adaptive control scheme at the engine startup (cranking). In particular, the reference CR pressure, the injection time as well as the engine speed are those experimentally obtained with a 2-liters GDI engine during a cold start. The experimental injection time T inj imposed by the ECU and the experimental engine speed N e are reported in Figs. 10a and 10b , respectively. Figs. 12a and 12b show, for the sake of completeness, the control action and adaptive gains. In particular all the gains remain bounded also for this hard test manoeuvre. We note the control action does not exhibit chattering as it might appear by Fig. 12a . This can be confirmed by a zoom on the time interval [1.5; 1.8] (s) not reported here for the sake of brevity. 
CONCLUSION
In this paper we have investigated an adaptive technique for the control of the fuel pressure into a common rail for GDI engine application. The adaptive strategy is based on the so called minimal control synthesis algorithm and require a minimal knowledge of the plant dynamics to be controlled. Numerical results have shown that the adaptive controller is able to cope with plant parameter variations caused by engine speed variation and nonlinear periodic pressure state dependent disturbances. This is particular important for the common rail system to attain better engine performance.
The promising numerical results here obtained both in terms of tracking and disturbance attenuation for different steady and transient experimental working conditions (e.g. engine startup) push us in the next future to test experimentally the adaptive control strategy designed in the paper. , and the actuation circuit used to drive the electrovalve as well. The CR dynamic system is then given by
(A.1c) where: δ (%) is the PWM duty-cycle expressed in percentage terms, i (A) is the current, L (H) and R (Ω) are inductance and the electric resistance of coil respectively, a and b are parameters of the actuation circuit and V b (V) is the battery voltage supplying the power circuit; p (bar) is the instantaneous rail pressure, η (bar) is the pressure ripple around the mean valuep (bar), and N is the rotational speed of the high-pressure pump that is equal to N = N e /2 with N e being the engine speed. The graphical representation in Fig. A.1 shows that these functions strongly vary with N , and then with the engine speed.
The η-term in (A.1c) takes into account the wave motion of the fuel into the rail causing variation of the pressure and it can be supposed to be composed by two terms, a term due to the motion of the HP pump, say η P , and another term, say η I , due to the fuel injection. It is easy to prove that both terms are periodic since: η P (t) is originated by the motion of the high-pressure pump, performing a revolution every two rounds of the engine shaft; η I (t) related to the injectors functioning, activated sequentially one time for each engine cycle. Hence, the fundamental harmonics are ω P = N/30 [rad/s] and ω I = nN/30 [rad/s] for η P (t) and η I (t), respectively, with n being the number of the injectors.
In this paper we model the pressure disturbance η(t) according to the experimental frequency analysis presented in di Gaeta et al. (2011a) but considering only the fundamental harmonics of η P (t) and η I (t) signals. Hence, the pressure ripple is described as η(t; N, T inj ,p) = η P (t; N,p) + η I (t; N, T inj ,p), (A.3) with 
